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Graft polymers have a considerable interest because of having nonlinear architecture 
with different composition and topology. Because of their branched structure they 
generally have also lower melt viscosities, which is advantageous for processing. 
Also, graft polymers have a better physical and chemical properties than their linear 
polymers. Graft copolymers can be obtained with three general methods: (i) grafting-
onto, in which side chains are preformed, and then attached to the backbone; (ii) 
grafting-from, in which the monomer is grafted from the backbone; and (iii) grafting-
through, in which the macromonomers are copolymerized.  
In recent years, the use of controlled/living radical polymerization techniques in the 
synthesis of complex macromolecules (star and graft polymers) has quickly 
increased because of the variety of applicable monomers and greater tolerance to 
experimental conditions in comparison with living ionic polymerization routes. 
Nitroxide mediated radical polymerization (NMP) based on the use of stable 
nitroxide free radicals and Mtn(Metat)/ligand catalyst- mediated living radical 
polymerization, which is often called atom transfer radical polymerization (ATRP), 
are versatile methods among living radical polymerizations.   
Recently, Sharpless and coworkers used Cu(I) as a catalyst in conjunction with a 
base in Huisgen’s 1,3-dipolar cycloadditions ([3 + 2] systems) between azides and 
alkynes or nitriles and termed them click reactions. Later, click chemistry strategy 
was successfully applied to macromolecular chemistry, affording polymeric 
materials varying from block copolymers to complex macromolecular structures. 
Click reactions permit C–C (or C–N) bond formation in a quantitative yield without 
side reactions or requirements for additional purification steps. Diels-Alder reaction, 
a [4 + 2] system, is a cycloaddition between a conjugated diene and a dienophile. 
Diels-Alder reaction has attracted much attention based on the macromolecular 
chemistry, particularly in providing new materials. 
In this study, we prepared well-defined heterograft copolymers using double click 
reactions (Cu catalyzed Huisgen and Diels-Alder reactions) in one-pot technique. 
synthetic strategy to this various stages of this work, (i) preparing random 
copolymers of styrene (St) and p-chloromethylstyrene (CMS) (which is a 
functionalizable monomer) via nitroxide mediated radical polymerization (NMP); (ii) 
attachment of anthracene functionality to the preformed copolymer by the o-
etherification procedure and subsequently conversion of the remaining CH2Cl into 
azide functionality; (iii) by using double click reactions in one-pot technique, 
maleimide end-functionalized poly(methyl methacrylate) (PMMA-MI) via atom 
transfer radical polymerization (ATRP) of MMA and alkyne end-functionalized 
poly(ethylene glycol) (PEG-alkyne) were introduced onto the copolymer bearing 
pendant anthryl and azide moieties. 
  
xvi 
Heterograft copolymers were obtained with Mn of 13450 and 16150, respectively, 
and low polydispersity indices of 1.17 and 1.15, respectively, relative to PS 
standards. High click reaction efficiency of 94 and 90 % for both hetero graft 





CLICK REAKSĐYONLARI KULLANILARAK TEK AŞAMADA FARKLI 
AŞI KOPOLĐMERLERĐN SENTEZĐ 
ÖZET 
Aşı polimerler sahip olduğu lineer olmayan yapısı, farklı bileşimi ve topolojisi 
nedeniyle önemli bir ilgiye sahiptir. Dallı yapılarından dolayı genellikle düşük 
vizkozite değerlerine sahiptir ve bu durumda polimerin işlenme koşullarını 
kolaylaştırır. Ayrıca, aşı polimerler lineer polimerlere kıyasla daha iyi fiziksel ve 
kimyasal özelliklere sahiptir.                                                                                                                            
Aşı polimerler genel olarak 3 farklı yöntemle elde edilirler: (i) önce yan zincirler 
düzenlenir ve ana zincire bağlanır; (ii) monomer ana zincirden aşılanır; (iii) 
makromonomerlerin kopolimerizasyonu ile elde edilir.  
Son yıllarda, kompleks makromoleküllerin sentezinde kontrollü/yaşayan 
polimerizasyon tekniklerinin kullanılması, yaşayan iyonik polimerizasyon 
yöntemiyle mukayese edildiğinde deneysel koşullara daha fazla toleranslı olması ve 
çok çeşitli monomerlere uygulanabilir olması nedeniyle hızlı bir şekilde arttı. Kararlı 
nitroksit serbest radikallerin kullanımına dayanan Nitroksit Ortamlı Radikal 
Polimerizasyonu ve genellikle Atom Transfer Radical Polimerizasyonu (ATRP) 
olarak bilinen Mtn(Metat)/ligand kataliz ortamlı radikal polimerizasyonu yaşayan 
radikal polimerizasyon yöntemleri arasında çok yönlü metotlardır.  
Son yıllarda, Sharpless ve arkadaşları azidler ve alkin/nitriller arasındaki Huisgen 
1,3-dipolar siklokatılmalarda ([3 + 2] sistemi) Cu(I)’i baz ile birleştirip kataliz olarak 
kullandılar ve bu reaksiyonu click reaksiyonu olarak adlandırdılar. Daha sonra click 
kimyası blok kopolimerlerden karmaşık makromoleküler yapılara kadar değişen 
birçok polimerik malzemenin sentezinde başarılı bir şekilde uygulandı. Click 
reaksiyonları, yan reaksiyonlara neden olmadan ve ilave saflaştırma işlemlerine 
gerek duyulmadan kantitatif verimle C–C (veya C–N) bağ oluşumuna izin 
vermektedir. Diels-Alder reaksiyonları ise konjuge bir dien ile dienofil bileşiğinin 
siklo katılması olarak bilinir ve makromoleküllerin sentezinde önemli bir yere 
sahiptir. 
Bu çalışmada ilk defa Diels-Alder ve click reaksiyonları kullanılarak farklı aşı 
kopolimerlerinin tek aşamada sentezi gerçekleştirildi. Đlk olarak stiren (St) ve p-
klorometilstirenin (CMS) nitroksit radikal katkılama polimerleşmesi (NMP) ile 
rastgele kopolimerleri hazırlandı. Elde edilen bu kopolimerin Cl ucunun bir kısmı 
önce basit bir eterifikasyon reaksiyonu ile antrasene çevrildi kalan kısmı ise azidleme 
reaksiyonu ile azide çevrildi. 
Daha sonraki aşamada ise atom transfer radikal polimerizasyonu (ATRP) ile 
maleimid fonksiyonalitesine sahip poli(metil metakrilat) (PMMA-MI) ve click 
reaksiyonlarında kullanılmak üzere poli(etilen glikol) PEG-alkin elde edildi. 
En son aşamada ise maleimid fonsiyonalitesine sahip PMMA kopolimerdeki antrasen 
grubuyla Diels-Alder reaksiyonu, PEG-alkin ise kopolimerdeki azid grubuyla click 
tepkimesi vererek hedeflenen farklı aşı kopolimerler tek aşamada sentezlendi. 
  
xviii 
Elde edilen farklı aşı kopolimerlerin sırasıyla 13450 ve 16150 molekül ağırlığına ve 
1.15 ve 1.17 dar molekül ağırlığı dağılımına sahip olduğu, lineer polistiren 
standartlarına göre saptandı. 1H NMR ölçümlerine göre ise farklı aşı kopolimerlerin 
sırasıyla, % 94 ve % 90 click reaksiyon verimine sahip olduğu belirlendi. 
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1.   INTRODUCTION 
Nowadays there is a considerable interest to the polymers having nonlinear 
architecture with different composition and topology such as star, miktoarm star, 
graft, hyperbranched, dendrimer, and cyclic structures [1,2]. Graft copolymers can be 
obtained with three general methods: (i) grafting-onto, in which side chains are 
preformed, and then attached to the backbone; (ii) grafting-from, in which the 
monomer is grafted from the backbone; and (iii) grafting-through, in which the 
macromonomers are copolymerized [3,4]. The grafting reaction provides an 
opportunity to vary physical and chemical properties of resulting polymers. 
Cu catalyzed Huisgen 1,3-dipolar cycloaddition reaction [5-8], such as reaction of 
azides and alkynes, has been applied to macromolecular chemistry offering 
molecules ranging from the linear to nonlinear macromolecular structures [9-20]. 
Diels-Alder reaction, [4+2] system, generally consists of a coupling of a diene and a 
dienophile by intra- or intermolecular reaction. Recently, Diels-Alder reaction based 
on the macromolecular chemistry has attracted much attention particularly for 
providing new materials [21-31]. Both Cu catalyzed Huisgen 1,3-dipolar 
cycloaddition and Diels-Alder reactions, named click reactions enabled the C-C bond 
formation in a quantitative yield without side reaction and requirement for additional 
purification step.   
Recently, click reactions with the combination of controlled polymerization routes 
are enormously applied to the preparation of the graft copolymers [32-37]. 
Additionally, it is noted that we used a combination of double click reactions 
described above both in the synthesis of ABC type triblock terpolymers [38] and star 
block copolymers [39] using one-pot technique. To our best knowledge, however, 
there has been no synthetic effort made made using double click reactions for the 
synthesis of heterograft copolymers with a one-pot technique. Therefore, we here 
aimed at describing the first time use of double click reactions (Cu catalyzed Huisgen 
and Diels-Alder reactions) for the preparation of well-defined heterograft copolymers 
in one-pot technique. Synthetic strategy to this various stages of this work, (i) 
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preparing random copolymers of styrene (St) and p-chloromethylstyrene (CMS) 
(which is a functionalizable monomer) via nitroxide mediated radical polymerization 
(NMP); (ii) attachment of anthracene functionality to the preformed copolymer by 
the o-etherification procedure and consequently conversion of -CH2Cl into azide 
functionality; (iii) by using double click reactions in one-pot technique, maleimide 
end-functionalized poly(methyl methacrylate) (PMMA-MI) via atom transfer radical 
polymerization (ATRP) of MMA and alkyne end-functionalized   poly(ethylene 
glycol) (PEG-alkyne) were introduced into copolymers bearing pendant anthryl and 
azide moieties.  
 
 3 
2.   THEORETICAL PART 
2.1  Controlled/ ‘‘Living” Free Radical Polymerizations 
The synthesis of polymers with well defined compositions, architectures and 
functionalities  has long been of great interest in polymer chemistry [40]. Living 
polymerization was first defined by Szwarc [41] and is employed where the 
polymerizations proceed in the absence of irreversible chain transfer and chain 
termination. Despite its tremendous industrial utility, CRP has not been realized until 
recently due to the inevitable, near diffusion-controlled bimolecular radical coupling 
and disproportionation reactions. Such a polymerization provides end-group control 
and enables the synthesis of block copolymers by sequential monomer addition. 
However, it does not necessarily provide polymers with molecular weight (MW) 
control and narrow molecular weight distribution (MWD). Additional prerequisites 
to achieve these goals include that the initiator should be consumed at early stages of 
polymerization and that the exchange between species of various reactivities should 
be at least as fast as propagation [42-44]. It has been suggested to use a term 
controlled polymerization if these additional criteria are met [45]. This term was 
proposed for systems, which provide control of MW and MWD but in which chain 
breaking reactions continue to occur as in RP. However, the term controlled does not 
specify which features are controlled and which are not controlled. Another option 
would be to use the term ‘‘living’’ polymerization (with quotation marks) or 
‘‘apparently living,’’ which could indicate a process of preparing well-defined 
polymers under conditions in which chain breaking reactions undoubtedly occur, as 
in radical polymerization [46,47].    
Conventional free radical polymerization techniques are inherently limited in their 
ability to synthesize resins with well-defined architectural and structural parameters. 
Free radical processes have been recently developed which allow for both control 
over molar masses and for complex architectures. Such processes combine both 
radical techniques with living supports, permitting reversible termination of 
propagating radicals. In particular, three controlled free radical polymerizations have 
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been well investigated. Each of these techniques is briefly presented below and all 
are based upon early work involving the use of initiator-transfer-agent-terminators to 
control irreversible chain termination of classical free radical process. 
Living polymerization is defined as a polymerization that undergoes neither 
termination nor transfer. A plot of molecular weight vs conversion is therefore linear, 
as seen in Figure 2.1, and the polymer chains all grow at the same rate, decreasing 
the polydispersity. 
 
Figure 2.1 : Molecular weight vs conversion graph of typical living polymerization. 
The propagating center at 100 % conversion still exists and can be further reacted, 
which can allow novel block, graft, star, or hyperbranched copolymers to be 
synthesized. Living polymerizations have been realized in anionic processes where 
transfer and termination are easy to suppress. Due to the favorable coupling of two 
radical propagating centers and various radical chain transfer reactions, the design 
and control of a living radical processes is inherently a much more challenging task. 
The living process of radical polymerization involves the equilibration of growing 
free radicals and various types of dormant species. By tying up a great deal of the 
reactive centers as dormant species, the concentration of free radicals decreases 
substantially and therefore suppresses the transfer and termination steps. These 
reactions are also denoted as controlled /living polymerizations rather than as true 
living polymerizations because transfer and termination are decreased but not 
eliminated. Three processes, NMP, ATRP, and RAFT, will now be introduced [48]. 
All of these methods are based on  establishing a rapid dynamic equilibration 
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between a minute amount of  growing free radicals and a large majority of the 
dormant species. Free radicals may be genetated by the spontaneous thermal process 
(NMP) via a catalyzed reaction or reversibly via the degenerative exchange process 
with dormant species (DT, RAFT) [40]. 
Living free radical polymerizations, although only about a decade old, have attained 
a tremendous following in polymer chemistry. The development of this process has 
been a long-standing goal because of the desire to combine the undemanding and 
industrial friendly nature of radical polymerizations with the power to control 
polydispersities, architectures, and molecular weights that living processes afford. A 
great deal of effort has been made to develop and understand different living free 
radical polymerization (LFRP) methods. The methods at the forefront fall into one of 
three categories: nitroxide mediated polymerization (NMP), atom transfer radical 
polymerization
 
(ATRP), and reversible addition fragmentation chain transfer (RAFT) 
[48]. 
2.1.1 Atom transfer radical polymerization (ATRP) 
Atom transfer radical polymerization (ATRP) is a living radical polymerization 
process utilizing transition-metal complexes as catalysts to mediate the propagation 
of the polymerization. It is a very versatile process and can synthesize a wide 
spectrum of polymers with controlled structures. Atom transfer radical 
polymerization (ATRP) is one of the most convenient methods to synthesize well-
defined low molecular weight polymers [49]. A general mechanism for ATRP is 
given below in Figure 2.2. 










Figure 2.2 : General Mechanism for ATRP. 
Firstly, initiation should be fast, providing a constant concentration of growing 
polymer chains. Secondly, because of the persistent radical effect, the majority of the 
growing polymer chains are dormant species that still presence the ability to grow 
because a dynamic equilibrium between dormant species. By keeping the 
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concentration of active species of propagating radicals sufficiently low through the 
polymer, termination is suppressed. ATRP is a radical process that full fills these 
requirements by using a transition metal in combination with a suitable ligand [50].   
Atom transfer radical polymerization (ATRP) involves first a reduction of the 
initiator by a transition metal complex forming a radical initiating species and a 
metal halide complex. The reactive center can then initiate the monomer, which can 
then propagate with additional monomer or abstract the halide from the metal 
complex forming a dormant alkyl halide species. The alkyl halide species is then  
activated by the metal complex and propagates once more.  
ATRP can be used on a large number of monomers and requires ambient reaction 
conditions. The reaction is uneffected by the precence of O2 and other inhibitors. 




, or radical 
chemistry.
 
The major drawback to ATRP is that a transition metal catalyst which is 
used must be removed which after polymerization and possibly recycled. Future 
work in this field includes the removal and recycling of the catalyst as well as the 
design of catalysts that react with a larger range of monomers [48]. 
A transition metal complex, e.g. copper (I) bromide, undergoes an one-electron 
oxidation with simultaneous homolytic abstraction of the halogen atom from a 
dormant species (e.g. carbon–halide bond) to generate a radical. The radical 
propagates monomers with the activity similar to a conventional free radical. The 
radical is very quickly deactivated to its dormant state—the polymer chain terminally 
capped with a halide (e.g. P–Br) group. Since the deactivation rate constant is 
substantially higher than that of the activation reaction Keq= Kact / Kdeact ~10-7; each 
polymer chain is protected by spending most of the time in the dormant state, and 
thereby the permanent termination via radical coupling and disproportionation is 
substantially reduced. In a well-controlled ATRP, only several percents of the chains 
become dead via termination. 
This process occurs with a rate constant of activation, kact, and deactivation, kdeact. 
Polymer chains grow by the addition of the intermediate radicals to monomers in a 
manner similar to a conventional radical polymerization, with the rate constant of 
propagation kp. Termination reactions (kt) also occur in ATRP, mainly through 
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radical coupling and disproportionation; however, in a well-controlled ATRP, no 
more than a few percent of the polymer chains undergo termination.  
Other side reactions may additionally limit the achievable molecular weights. 
Typically, no more than 5 % of the total growing polymer chains terminate during 
the initial, short, nonstationary stage of polymerization. This process generates 
oxidized metal complexes, X-Mtn+1, as persistent radicals to reduce the stationary 
concentration of termination [51]. Polydispersities in ATRP decrease with 
conversion, with the rate constant of deactivation, kdeact, and also with the 
concentration of deactivator. The molecular conversion and the amount of initiator 
used, DP=∆[M]/[I]0 ; polydispersities are low, Mw / Mn <1,3  [52]. 
ATRP system is composed of the monomer, an initiator, catalyst and suitable ligand. 
Also, some of the another factors, such as, solvent, additive, temperature and reaction 
time must be taken into consideration. 
A variety of monomers have been successfully polymerized using ATRP. Typical 
monomers include styrenes (meth) acrylates, (meth) acrylamides, and acrylonitrile, 
which contain substituents that can stabilize the propagating radicals. Even under the 
same conditions using the same catalyst, each monomer has its own unique atom 
transfer equilibrium constant for its active and dormant species. In the absence of any 
side reactions other than radical termination by coupling or disproportionation, the 
magnitude of the equilibrium constant (Keq=kact/kdeact) determines the polymerization 
rate. ATRP occur very slowly if the equilibrium constant is too small. But, too large 
an equilibrium constant will lead to large amount of termination because of a high 
radical concentration. 
The main role of the initiator is to determine the number of growing polymer chains. 
Two parameters are important for a successful ATRP initiating system. First, 
initiation should be fast in comparison with propagation. Second, the probability of 
the side reactions should be minimized. 
In ATRP, alkylhalides (RX) are typically used as initiator and the rate of 
polymerization is first order with respect to the concentration of RX. To obtain well-
defined polymers with narrow molecular weight distributions, the halide group, X, 
must rapidly and selectively migrate between the growing chain and the transition 
metal complex. When X is either bromine or chlorine, the molecular weight control 
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is the best. Flourine is not used because the C-F bond is too strong to undergo 
homolytic cleavage. 
Initiation should be fast and quantitative with a good initiator. In general haloganated 
alkanes, benzylic halides, α-haloesters, α-haloketones, α-halonitriles and sulfonyl 
halides are used as ATRP initiators [40]. 
The most frequently used initiator types used in the atom transfer radical 
polymerization systems are, 1-Bromo-1-phenyl ethane (Styrene), 1-Chloro-1-phenyl 
ethane (Styrene), Ethyl-2-bromo propionate (Methyl methacrylate) and Ethyl-2-
bromo isobutyrate (Methyl methacrylate). Two parameters are important for a 
successful ATRP initiating system; first, initiation should be fast in comparison with 
propagation. Second, the probability of side reactions should be minimized [40].  
The main role of the ligand in ATRP is to solubilize the transition metal salt in the 
organic media and to adjust the redox potential of the metal center for the atom 
transfer. There are several guidelines for an efficient ATRP catalyst. First fast and 
quantitative initiation ensures that all the polymer chains start to grow 
simultaneously. Second, the equilibrium between the alkylhalide and the transition 
metal is strongly shifted toward the dormant species side. This equilibrium position 
will render most of the growing polymer chains dormant and produce a low radical 
concentration. As a result, the contribution of radical termination reactions to the 
overall polymerization is minimized. Third fast deactivation of the active radicals by 
halogen transfer ensures that all polymer chains are growing at approximately the 
same rate, leading to a narrow molecular weight distribution. Fourth relatively fast 
activation of the dormant polymer chains provides a reasonable polymerization rate. 
Fifth, there should be no side reactions such as β-H abstraction or 
reduction/oxidation of the radicals. 
The most widely used ligands for ATRP systems are the derivatives of  2,2-
bipyridine and nitrogen based ligands such as N,N,N’,N’’,N’’-
pentamethyldiethylenetriamine (PMDETA), tetramethylethylenediamine (TMEDA), 
1,14,7,10,10-hexamethyltriethylenetetraamine (HMTETA), tris[2-(dimethylamino) 
ethyl]amine (Me6-TREN) and alkylpyridylmethanimines are also used. ( Figure 2.3 
and Figure 2.4). 
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Figure 2.3 : Nitrogen based ligands.   
 
Figure 2.4 : Derivatives of  2,2-bipyridine ligands. 
Catalyst is the most important component of ATRP. It is the key to ATRP since it 
determines the position of the atom transfer equilibrium and the dynamics of 
exchange between the dormant and active species. There are several prerequisites for 
an efficient transition metal catalyst. First, the metal center must have at least two 
readily accessible oxidation states separated by one electron. Second the metal center 
should have reasonable affinity toward a halogen. Third the coordination sphere 
around the metal should be expandable upon oxidation to selectively accommodate a 
(pseudo)-halogen. Fourth the ligand should complex the metal relatively strongly. 
The most important catalysts used in ATRP are; Cu(I)Cl, Cu(I)Br, NiBr2(PPh3)2, 
FeCl2(PPh3)2, RuCl2(PPh3)3/ Al(OR)3. 
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The rate of polymerization also determines the rate of polymerization by effecting 
both propagation rate constant and the atom transfer equilibrium constant.  The kp/kt   
ratio increase as a result of higher temperature thus enables us better control over the 
polymerization. However this may also increase the side reactions and chain transfer 
reactions. The increasing temperature also increases the solubility of the catalyst. 
Against this, it may also poison catalyst by decomposition. Determining the optimum 
temperature; monomer, catalyst and the targeted molecular weight should be taken 
into consideration. 
ATRP can be carried out either in bulk, in solution or in a heterogeneous system 
(e.g., emulsion, suspension). Various solvents such as benzene, toluene, anisole, 
diphenyl ether, ethyl acetate, acetone, dimethyl formamide (DMF), ethylene 
carbonate, alcohol, water, carbon dioxide and many others have been used for 
different monomers. A solvent is sometimes necessary especially when the obtained 
polymer is insoluble in its monomer.  
Additives are sometimes essential for a successful ATRP. For example, a Lewis acid, 
such as aluminum and their metal alkoxides, is needed for the controlled 
polymerization of MMA. Phosphines is a strong nucleophiles sometimes terminate 
the process [40] 
2.1.2 Nitroxide-mediated living radical polymerizations (NMP) 
Nitroxide–mediated living free radical polymerization (NMP) belongs to a much 
larger family of processes called stable free radical polymerizations. In this type of 
process, the propagating species (Pn°) reacts with a stable radical (X°) as seen in 
Figure 2.5. The resulting dormant species (Pn-X) can then reversibly cleave to 
regenerate the free radicals once again. Once Pn° forms it can then react with a 
monomer, M, and propagate further. The most commonly used stable radicals have 
been nitroxides, especially 2,2,6,6-tetramethylpiperidinoxy (TEMPO). The 2,2’,6,6’- 
tetramethylpiperidine-1-oxyl radical (TEMPO) was used as the nitroxide component 
in these initial studies. The alkoxyamine is formed in situ during the polymerization 
process. Shortly thereafter, it was shown that low molecular weight alkoxyamines 
such as styryl-TEMPO  can be used as initiators/regulators for the controlled living 
radical polymerization of styrene [53]. Although NMP is one of the simplest methods 
of living free radical polymerization (LFRP), it has many disadvantages. Many 
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monomers will not polymerize because of the stability of the dormant alkoxyamine 
that forms. Also, since the reaction is kinetically slow, high temperatures and bulk 
solutions are often required. Also, the alkoxyamine end groups are difficult to 















Figure 2.5 : Mechanism for nitroxide-mediated living free radical polymerization. 
The key to the success is a reversible thermal C═O bond cleavage of a polymeric 
alkoxyamine to generate the corresponding polymeric radical and a nitroxide. 
Monomer insertion with subsequent nitroxide trapping leads to chain-extended 
polymeric alkoxyamine. The whole process is controlled by the so called persistent 
radical effect (PRE) [55]. The PRE is a general principle that explains the highly 
specific formation of the cross-coupling product (R1–R2) between two radicals R1 
and R2 when one species is persistent (in NMP the nitroxide) and the other transient 
(in NMP the polymeric radical), and the two radicals are formed at equal rates 
(guaranteed in NMP by thermal C═O bond homolysis). The initial buildup in 
concentration of the persistent nitroxide, caused by the self termination of the 
transient polymeric radical, steers the reaction subsequently to follow a single 
pathway, namely the coupling of the nitroxide with the polymeric radical. First, 
nitroxide mediated polymerizations of styrene were conducted using conventional 
free radical initiators in the presence of free nitroxide and monomer [56]. In general 
better results are obtained using preformed alkoxyamines. Defined concentration of 
the initiator allows a better control of the targeted molecular weight using this 
approach. Based on the mechanism depicted in Scheme 2.5, it is obvious that the 
equilibrium constant K between the dormant alkoxyamine and the polymeric radical 
and nitroxide is a key parameter of the polymerization process. The equilibrium 
constant K is defined as ka/kd (ka = rate constant for alkoxyamine C═O bond 
homolysis; kd = rate constant for trapping of the polymeric radical with the given 
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nitroxide). Various parameters such as steric effects, H-bonding and polar effects 
influence the K-value [57]. Since the first TEMPO-mediated polymerizations many 
nitroxides and their corresponding alkoxyamines have been prepared and tested in 
NMP. Due to space limitation we cannot give an overview of all alkoxyamines tested 
so far [58].  
The most popular nitroxide used for NMP in the past has been TEMPO. However, 
TEMPO is limited in the range of monomers which are compatible to polymerize by 
NMP, mostly due to the stability of the radical. Hawker et. al. recently discovered 
that by replacing the α-tertiary carbon atom with a secondary carbon atom, the 
stability of the nitroxide radical decreased which lead to an increased effectiveness in 
polymerization for many monomers in which TEMPO was uneffective. While 
TEMPO and TEMPO derivatives are only useful for styrene polymerizations, the 
new derivatives permit the polymerization of acrylates, acrylamides, 1,3-dienes, and 
acrylonitrile based monomers with very accurate control of molecular weights and 
low polydispersities. Another family of nitroxides that have shown to have the same 
success are phosphonate derivatives designed by Gnanou et.al [59]. 
The chain end functionalization of polymers synthesized by NMP is a significant 
problem because dormant chains containing alkoxyamines can regenerate terminal 
radicals which can depolymerize at high temperatures. A very interesting chain end 
functionalization process has also been discovered by Hawker et. al. which involves 
the controlled monoaddition of maleic anhydride or maleimide derivatives to the 
alkoxyamine chain end. The alkoxyamine can then be easily eliminated and other 
functional groups can be introduced. This process relies on the resistance of maleic 
anhydride or maleimide derivatives to homopolymerize and the ability of the 
precurser to reform the olefin by elimination of the hydroxylamine [60]. 
2.1.3 Reversible addition – fragmentation chain transfer reactions (RAFT)  
Most recent report of a controlled/”living” free radical polymerization has been 
reported by Haddleton and co-workers as well as Thang et al.  Reversible addition-
fragmentation chain transfer (RAFT) is achieved by performing a free radical 
polymerization in the presence of dithio compounds, which act as efficient reversible 
addition-fragmentation chain transfer agents (Figure 2.6). Much like the first two 
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routes, the rapid switching mechanism between dormant and active chain ends 
affords living polymerization character [61,62]. 
 
Figure 2.6 : RAFT mechanism. 
Reversible addition-fragmentation chain transfer (RAFT) incorporates compounds, 
usually dithio derivatives, within the living polymerization that react with the 
propagating center to form a dormant intermediate. The dithio compound can release 
the alkyl group attached to the opposite sulfur atom which can then propagate with 
the monomer.  
The greatest advantage to RAFT is the incredible range of polymerizable monomers. 
As long as the monomer can undergo radical polymerization, the process will most 
likey be compatible with RAFT. However, there are many major drawback that arise 
when using this process. The dithio end groups left on the polymer give rise to 
toxicity, color, and odor and their removal or displacement requires radical 
chemistry. Also, the RAFT agents are expensive and not commercially available. 
Another drawback is that the process requires an initiator, which can cause undesired 
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end groups and produce too many new chains which can lead to increased 
termination rates [48]. 
2.2 Click Chemistry 
Click chemistry is a concept introduced by K. Barry Sharpless in 2001 and describes 
chemistry tailored to generate substances quickly and reliably by joining small units 
together as nature does. 
Following nature’s lead, the purpose is to generate substances by joining small units 
together with heteroatom links (C–X–C). The term “click chemistry”, the foundation 
of this approach, is defined a set of stringent criteria that a process must meet to be 
useful in this context. 
A chemical transformation that is part of click chemistry obeys the following criteria: 
• application modular and wide in scope  
• obtains high chemical yield  
• generates inoffensive byproducts  
• is stereospecific 
• simple reaction conditions  
• has readily available starting materials and reagents  
• no solvent involved or a benign solvent (preferably water)  
• easy product isolation by crystallisation or distillation but not preparative 
chromatography  
• physiologically stable 
• large thermodynamic driving force > 84 kJ/mol for a fast reaction with a 
single reaction product. A distinct exothermic reaction makes a reactant 
"spring loaded".  
• high atom economy  
Chemical reactions that fit the bill are: 
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• cycloaddition reactions, particularly the Huisgen 1,3-dipolar cycloaddition 
(and the Cu(I) catalyzed azide-alkyne cycloaddition) as well as Diels-Alder 
reactions  
• nucleophilic substitution especially to small strained rings like epoxy and 
aziridine compounds (ring opening reactions)  
• carbonyl-chemistry-like formation of ureas and amides but reactions of the 
non-aldol type due to low thermodynamic driving force.  
• addition reactions to carbon - carbon double bonds like epoxidation and 
dihydroxylation [63]. 
Huisgen 1,3-dipolar cycloadditions are exergonic fusion processes that unite two 
unsaturated reactants and provide fast access to an enormous variety of five-
membered hetero-cycles. The cycloaddition of azides and alkynes to give triazoles is 
arguably the most useful member of this family [64,65]. Because of its quantitative 
yields, mild reaction condition, and tolerance of a wide range of functional groups, it 
is very suitable for the synthesis of polymers with various topologies and for polymer 
modification [66]. The copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) 
reaction has emerged as the best example of “click chemistry,” characterized by 
extraordinary reliability and functional group tolerance [67]. In macromolecular 
science Cu(I) catalysed method is reported to have high yields and practically no side 
reactions. The formed triazole ring has a strong dipolar moment and can form H-
bonds giving some hydrophilicity while being stable under biological conditions 
[68]. An acceleration of the reaction rate of approximately seven orders of magnitude 
has been observed using Cu(I) [69]. Such reactions were proven to be very practical, 
because they can be performed in high yield, in multiple solvents (including water), 
and in the presence of numerous other functional groups. Moreover, the formed 
1,2,3-triazole is chemically very stable [70]. Because azides and alkynes are 
essentially inert to most biological and organic conditions, including highly 
functionalized biological molecules, molecular oxygen, water, and the majority of 
common reaction conditions in organic synthesis [71]. Azides usually make fleeting 
appearances in organic synthesis: they serve as one of the most reliable means to 
introduce a nitrogen substituent through the reaction –R–X→[R–N3]→R–NH2 . The 
azide intermediate is shown in brackets because it is generally reduced straightaway 
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to the amine. Despite this azidophobia, this have been learned to work safely with 
azides because they are the most crucial functional group for click chemistry 
endeavors. Ironically, what makes azides unique for click chemistry purposes is their 
extraordinary stability toward H2O, O2 , and the majority of organic synthesis 
conditions. The spring-loaded nature of the azide group remains invisible unless a 
good dipolarophile is favorably presented. However, even then the desired triazole 
forming cycloaddition may require elevated temperatures and, usually results in a 
mixture of the 1,4 and 1,5 regioisomers (Figure 2.7) [8]. 
 
Figure 2.7 : Huisgen’s [1,3] dipolar cycloaddition between azides and acetylenes. 
Copper(I)-catalyzed reaction sequence which regiospecifically unites azides and 
terminal acetylenes to give only 1,4-disubstituted 1,2,3 triazoles. (Figure 2.8). 
 
Figure 2.8 : Regioselectivity of click chemistry with addition of Cu(I) catalyst. 
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The discovery of Cu(I) catalysis of this process has opened a myriad of applications 
in bioconjugation, organic synthesis, materials and surface science, and 
combinatorial chemistry [72]. Since the initial discovery of Cu(I)-catalyzed alkyne–
azide coupling, numerous successful examples have been recorded in the literature, 
but as of yet, no systematic study of optimal conditions has been reported. Further, 
conditions have varied widely, particularly with respect to generation of the active 
Cu(I) species. Sources of Cu(I)  include Cu(I)  salts, most commonly copper iodide, 
in-situ reduction of Cu(II)  salts, particularly Cu(II) sulfate, and comproportionation 
of Cu0 and Cu(II) . Recent reports suggest that nitrogen-based ligands can stabilize 
the Cu(I) oxidation state under aerobic, aqueous conditions and promote the desired 
transformation. Steric factors and electronic effects may also play a role in the 
success of this click chemistry [71]. The copper-catalyzed reaction is thought to 
proceed in a stepwise manner starting with the generation of Cu(I) acetylide (Figure 
2.9).  
 
Figure 2.9 : Proposed catalytic cycle for Cu(I)-catalyzed ligation. 
Comparison of the thermal reaction between benzyl azide and phenyl propargyl ether 
with the copper-catalyzed reaction of the same substrates demonstrates the 
importance of copper catalysis (Figure 2.10). The thermal reaction leads to the 
formation of two disubstituted triazole isomers while the Cu(I)-catalyzed reaction 
selectively produces the 1,4-isomer in 91% yield after 8 hours [8, 72-73]. 
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Figure 2.10 : Regioselectivity using Cu(I). 
The development of the Cu(I)-catalyzed cycloaddition reaction between azides and 
terminal alkynes has led to many interesting applications of click reactions including 
the synthesis of natural product derivatives. Although azides and alkynes display 
high mutual reactivity, individually these functional groups are two of the least 
reactive in organic synthesis. They have been termed bioorthogonal because of their 
stability and inertness towards the functional groups typically found in biological 
molecules. This bioorthogonality has allowed the use of the azide-alkyne [3 + 2] 
cycloaddition in various biological applications including target guided synthesis
 
and 
activity-based protein profiling [74-75]. Moreover, ATRP shares a number of 
important features with click chemistry including robustness, versatility and 
excellent tolerance towards many functional-groups, including water [69]. Polymers 




Figure 2.11 : ATRP polymers with halogen end group. 
The halogen end group can be converted to other functional groups using standard 
organic procedures.  However, the transformation is preferably carried out under 
mild conditions, as the substitution must be as free of side reactions as possible and 
the yield of the transformation reaction must be quantitative. According to the model 
reactions of these compounds with sodium azide, the displacement of the halogen 
end group by azide in dimethylformamide is a very efficient method to obtain azide 
end functionalized polymers. The reaction proceeds fast, especially when the leaving 
group is bromine and the selectivity of the reaction approaches 100%. Bromine end 
functionalized polystyrene as well as polyacrylate were efficiently converted to azide 
end functionalized polymer. Bromine terminated PMMA reacted slower under the 
same reaction conditions. However, with a 10-fold excess of sodium azide, complete 
conversion was obtained within 12 hours at room temperature The functionalized  
polymers  can  find  many  applications, for example as macromonomers, telechelics 
or other specialty polymers.  Azides are interesting end functional groups because 
they can be converted to amino end groups [76]. Another benefit of conducting Cu(I) 
catalyzed click reactions with polymers prepared by ATRP is that the predetermined 
molecular weight and narrow molecular weight distribution facilitate analysis of the 
reaction products. Although methods such as gas chromatography and NMR are 
frequently employed to characterize the products of Cu(I)-catalyzed click reactions 
of low-molecular-weight compounds, these techniques are generally incompatible 
with polymer coupling reactions due to high molecular weight of starting materials 
and products. However, polymer click coupling reactions can be easily monitored by 
size exclusion chromatography (SEC) and quantitatively analyzed by Gaussian 
multipeak fitting of the resulting chromatogram (Figure 2.12). Therefore, polymer 
click coupling reactions are an attractive way to investigate the optimal conditions 
under which these reactions should be performed, particularly for polymer and 
materials chemistry applications [77]. 
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Figure 2.12 : SEC trace for click coupling reaction.  
Some click reactions have already been successfully used in polymer and materials 
chemistry. The efficient preparation of well-defined polymeric tetrazoles, or 
dendrimers, amphiphilic block copolymers, cross-linked block copolymer vesicles, 
and adhesives with triazole units has been reported. Click reactions were also used in 
the synthesis of functionalized poly(oxynorbornenes) and block copolymers and are 
a convenient alternative to other coupling reactions applied to polymers prepared by 
ATRP (such as atom transfer radical coupling or reversible thiol oxidative coupling) 
for the preparation of high molecular weight polymeric materials [78].  
In summary, click chemistry has proven to be a powerful tool in biomedical research, 
ranging from combinatorial chemistry and target-templated in situ chemistry for lead 
discovery, to bioconjugation strategies for proteomics and DNA research. Azides and 
acetylenes are stable across a broad range of organic reaction conditions and in 
biological environments, yet they are highly energetic functional groups. Their 
irreversible combination to triazoles is highly exothermic, albeit slow. The full 
potential of this ligation reaction was unleashed with the discovery of Cu(I) catalysis. 
Benefiting from more than a million-fold rate acceleration, this process proceeds in 
near-quantitative yields in water, and because no protecting groups are used, the 
products are screened directly from the reaction mixture. This triazole-forming 
process, and click chemistry in general, promise to accelerate both lead finding and 
lead optimization, due, above all, to its great scope, modular design, and reliance on 
extremely short sequences  of near-perfect reactions [75]. 
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2.3 Diels-Alder Reactions 
2.3.1 General features 
The Diels-Alder reaction has both enabled and shaped the art and science of total 
synthesis over the last few decades to an extent which, arguably, has yet to be 
eclipsed by any other  transformation in the current synthetic repertoire. With myriad 
applications of this magnificent pericyclic reaction, often as a crucial element in 
elegant and programmed cascade sequences facilitating complex molecule 
construction, the Diels-Alder cycloaddition has afforded numerous and unparalleled 
solutions to a diverse range of synthetic puzzles provided by nature in the form of 
natural products [79]. 
The Diels-Alder reaction is a concerted [4π+2π] cycloaddition reaction of a 
conjugated diene and a dienophile. This reaction belongs to the larger class of 
pericyclic reactions, and provides several pathways towards the simultaneous 
construction of substituted cyclohexenes with a high degree of regioselectivity, 
diastereoselectivity and enantioselectivity. Since its discovery in 1928, the Diels-
Alder reaction has been amongst the most important carbon-carbon bond forming 
reactions available [80]. 
The original version of the Diels-Alder reaction (Figure 2.13) joins together a wide 
variety of conjugated dienes  and alkenes with electron withdrawing groups (the 
dienophiles), to produce a cyclohexene ring in which practically all six carbon atoms 
can be substituted as desired. The reaction may be executed under relatively simple 
reaction conditions by heating together the two components, diene and dienophile, in 
non-polar solvents, followed by evaporation which leads usually to high yields of the 
product(s). The reaction is disciplined by the Woodward- Hoffmann rules [81] as a 
[π4s+π2s] cycloaddition occurring in a concerted but probably not symmetrically 
synchronous fashion, thus leading to highly predictable product structures in which 
two new carbon-carbon sigma bonds are formed in a stereospecific manner with the 
creation of up to four new stereogenic centres. The classical empirical rules have 
now found strong theoretical basis in the Woodward- Hoffmann rules, with regards 
to regiochemistry (“ortho” and “para” orientations) and stereochemistry (endo 
transition state kinetically favoured over the exo transition state in most of the 
reactions). The practising synthetic organic chemist will certainly be well aware of 
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the kinds of dienes and dienophiles that may be combined successfully, and by way 
of simple frontier orbital theory be perfectly capable of predicting the major (or 
unique) product to be expected from the reaction. The reverse process of 
retrosynthetic analysis is also well established for transforming cyclohexene/ 
cyclohexane containing structures into appropriate diene dienophile combinations. 
     
 
Figure 2.13 : The original version of the Diels-Alder reaction. 
The Diels-Alder reaction has now become an important research area for theoretical 
chemists, with regard to the finer details of the transition state and the energetics of 
the process, and with special concern for entropy and activation energies [82]. 
2.3.2 Mechanism of Diels–Alder reactions with anthracene 
The mechanism of the thermal [4+2] cycloaddition reaction of anthracene with a 
dienophile has been the source of much conjecture. The stereochemistry of the 
reaction involves exclusive cis addition of the dienophile to anthracene where the cis 
or trans stereochemistry of the dienophile is retained in the product. The retention of 
stereochemistry has led many groups to postulate a concerted mechanism, where the 
new σ bonds are formed simultaneously either by direct addition, or via an 
intermediate charge–transfer complex or an electron donor–acceptor molecular 
complex. Another possibility is a two-step reaction mechanism where the reaction 
proceeds via a zwitterionic or diradical intermediate. For a two-step mechanism to 
occur with retention of stereochemistry, the second step of the reaction would have 
to be much faster than the rotation about the C–C σ bond of the intermediate formed 
in the first step. 
Many studies have noted the production of a transient colour that disappears as the 
thermal Diels–Alder reaction proceeds. This has been attributed to the formation of a 
charge–transfer complex during the course of the reaction and seems, therefore, to 
provide evidence for a concerted mechanism. Studies carried out with 1,4-dithiins 1 
and anthracene 2 and its derivatives 3–5 (Figure 2.14) have shown that the formation 
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of the Diels–Alder adducts 6 can in fact occur either via a charge–transfer complex 
or by direct addition, depending on the properties of the anthracene derivative used. 
 
Figure 2.14 : Reagents and conditions: (i) C6H6, ∆. 
The effect of solvent on the rate of reaction has been studied by many groups. The 
electron-donating ability of the solvent has been shown to be an important factor that 
affects the rate of reaction. Electron-donating solvents increase solvation of the 
dienophile that can in turn decrease the reaction rate. Solvents that are electron 
accepting can, in some cases, increase the rate of reaction by stabilisation of the 
transition state, which can be regarded as being electron rich. Aromatic solvents 
produce large increases in reactivity with dienophiles that are capable of very strong 
charge–transfer interactions, while salt effects have been observed for reactions 
performed in water. However, in general, the influence of the solvent on the rate of 
reaction, independent of the system investigated, has been shown to be relatively 
small, rarely above a factor of ten. This can be seen as evidence for a concerted 
mechanism as solvent effects would be expected to be large if a stepwise mechanism 
was in operation due to solvent stabilisation/ destabilisation of zwitterionic or 
diradical intermediates. However, the use of highly-fluorinated solvents has been 
shown to have a dramatic effect on the rate of the Diels–Alder reaction of 9-
hydroxymethylanthracene and N-ethylmaleimide. Additionally, changes in the 
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solvent can also have an effect on the endo/exo selectivity of the Diels–Alder 
reaction by a complex combination of solvent solvophobicity, dipolarity and 
hydrogen bond-donating effects. 
The rate of the Diels–Alder reaction of anthracene appears to be governed much 
more by temperature and substituent effects. As the Diels–Alder reaction of 
anthracene is an equilibrium process, changes in temperature have a decisive effect 
on the position of the equilibrium. Lower reaction temperatures coupled with an 
excess of dienophile can increase the forward reaction rate, whereas higher 
temperatures can actually favour the retro Diels–Alder reaction [83].  
2.4 Graft Copolymers 
Graft copolymers are composed of a main polymer chain, the backbone, to which 
one or more side chains, the branches, are chemically connected through covalent 
bonds. Comb polymers are homopolymers, i.e. both the backbone and the branches 
are of the same chemical nature. In the case of the graft copolymers, the backbone 
and the branches may be homopolymers or copolymers but they differ in chemical 
nature or composition. The branches are usually randomly distributed along the 
backbone, due to the specific synthetic techniques used for their preparation. 
However, more elaborate recent methods have allowed for the synthesis of exact 
graft copolymers, where all the molecular and structural parameters can be 
accurately controlled. 
Three general methods have been developed for the synthesis of randomly branched 
graft copolymers: (a) the ‘‘grafting onto’’, (b) the ‘‘grafting from’’ and (c) the 
‘‘grafting through’’ or macromonomer method [2]. 
2.4.1  ‘‘Grafting onto’’ methods  
One of the methods widely used for the synthesis of graft copolymers is the 
‘‘grafting onto’’ method, i.e. reaction of preformed polymeric chains bearing 
functional groups with other polymeric chains bearing active chain ends (Figure 
2.15). In most cases, the incorporation of functional groups is performed by chemical 
modification of the backbone. Characterization of the backbone and the preformed 
side chains can be performed separately from the graft copolymer, thus allowing for 
the detailed characterization of the final structure. 
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Figure 2.15 :  ‘‘Grafting onto’’ method. 
2.4.2  ‘‘Grafting from’’ methods 
In the ‘‘grafting from’’ method, the backbone is chemically modified in order to 
introduce active sites capable of initiating the polymerization of a second monomer 
(Figure 2.16). The number of grafted chains can be controlled by the number of 
active sites generated along the backbone assuming that each one participates in the 
formation of one branch [2]. 
 
Figure 2.16 :  ‘‘Grafting from’’ method. 
2.4.3  ‘‘Grafting through’’ or macromonomer method 
In the grafting through method, preformed macromonomers are copolymerized with 
another monomer in order to produce the graft copolymer (Figure 2.17). 
Macromonomers are oligomeric or polymeric chains that have a polymerizable end 
group. In this case, the macromonomer comprises the branch of the copolymer and 
the backbone is formed in situ. The number of branches per backbone can be 
generally controlled by the ratio of the molar concentrations of the macromonomer 
and the comonomer [1]. 
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Figure 2.17 : ‘‘Grafting through’’ or macromonomer method. 
2.4.4 Synthesis of graft and heterograft copolymers 
Grafting reaction, which can offer the possibility of varying the physical and 
chemical properties of polymers. The interest in heterograft copolymer comes from 
the unique properties relating to their variety of compositions, such as the 
combination of a crystallizable and an amorphous side chain, or a hydrophobic and a 
hydrophilic side chain [84]. 
The “click”-type reactions, mainly exemplified by Huisgen 1,3-dipolar azide-alkyne, 
[3 + 2], or Diels–Alder cycloadditions, [4 + 2], have attracted much attention due to 
their  important features including high yields, high tolerance of functional groups, 
and selectivity [37]. 
The past few years have witnessed the rapid growth of  synthesis of graft copolymers 
using click type reactions. In here, we investigated the some of the publication which 
was published recently. 
Well-defined poly(GTEMPO-co-EO)-g-PS/PtBA heterograft copolymers were 
prepared in one-pot by ATNRC reaction via ‘‘graft onto.’’ The density of GTEMPOs 
on precursor copolymer poly (GTEMPO-co-EO), the structure of macroradicals, 
molecular weights of side chains PS-Br and PtBA-Br can exert great effect on the 
coupling efficiency. The PS radicals are more reactive than that of PtBA in the 
coupling reaction. This approach can afford a useful strategy for synthesis of 
heterograft copolymers with various compositions and well-defined structures [84]. 
High coupling efficiency between bromine and TEMPO groups attached on the 
different polymer chains in the presence of CuBr, graft copolymers of poly 
(GTEMPO-co-EO) as the backbones and PS or PtBA as side chains were 
successfully synthesized via the ATNRC method. The coupling reaction was 
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influenced by the density of graft GTEMPO groups on poly(GTEMPO-co-EO) and 
molecular weight of grafted chains. This approach affords another choice for 
preparation of the polymers with different compositions and well-defined structures 
[32]. 
The quantitative covalent functionalization of copolymers based on highly efficient, 
versatile, and modular covalent synthetic strategies have been presented. Modular 
functionalization of the azide and ketone functionalized random copolymer was 
accomplished with small organic and biological molecules containing alkyne or 
hydrazide groups via a single orthogonal functionalization using either 1,3-dipolar 
cycloaddition or hydrazone formation and a one-pot multifunctionalization by 
combining both reactions simultaneously. All investigated functionalization 
transformations proceed quantitatively in an orthogonal manner with high fidelity 
and absolute selectivity under mild reaction conditions. The potential for the 
employment of such a single-step functionalization strategy in polymeric materials 
were demonstrated [35]. 
Polyurethanes (PUs) bearing alkyne functions as pendant groups have been 
synthesized by incorporating an alkyne diol  during their elaboration. This resulted in 
PUs with a variable amount of “clickable” functions. Moreover, it has been proved 
by TGA measurements that such PUs have a high thermal stability and that the final 
char yield is proportional to the alkyne content in the material. In a second step of the 
research, the Huisgen 1,3-dipolar cycloaddition was employed by reacting these 
alkyne functionalized materials with several azide compounds in the presence of a 
copper catalyst. After the success of the “click” reaction with amine and fluorinated 
compounds have been attached to the PUs. In almost all cases, a quantitative yield 
was obtained as observed by 1H NMR, leading to PUs with new functionalities in the 
side-chain of the backbone. The use of PU based on polyols, the kinetics of the 
“click” chemistry reaction and the surface properties of the corresponding PU 
coatings was studied. This concept of universal functionalized PU is believed to 
afford new classes of PU materials with easily adaptable physical properties by 
making use of readily accessible azide compounds. [36] 
1,3-dipolar azide-alkyne [3 + 2] and thermoreversible Diels–Alder (DA) [4 + 2] click 
reactions have been successfully combined for the synthesis of polymers bearing 
side-chain TX photoactive groups. One of the consequences of the method is that 
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such modification causes a dramatic change in the photochemistry of the precursor 
TX-A. Generally, the in-situ double click chemistry strategy described here is simple 
and quantitative and may permit a wide range of derivatives of polymers with 
various functional groups to be prepared in high yields [37]. 
A new synthetic approach for the preparation of well-defined graft copolymers  on 
the basis of the DA “click chemistry” between copolymers bearing anthryl pendant 
groups and maleimide as end-functionalized polymers have been demonstrated . The 
grafting processes were carried out at the reflux temperature of toluene with a 
quantitative yield and without need for an additional purification step [24]. 
Anthracene-grafted polysiloxane was prepared by the dehydrocoupling between 
linear siloxane polymers and anthracenecarbinol. The cylindrical type of dendritic 
polysiloxane was prepared up to the second generation by the hydrosilation between 
polysiloxane and vinyltrichlorosilane, and the continual addition of allyl alcohol. The 
anthracene groups on cylindrical dendrimers were prepared by the reaction of Si–Cl 
bonds on the polymer and anthracenecarbinol. The Diels–Alder reaction of 
anthracene moieties on polysiloxane and maleimide derivatives, maleic acid 
anhydride, and 1,4-quinone derivatives was carried out undermild conditions [85]. 
In another study, Heterografted PEO-PnBA brush copolymers have been prepared. 
Copolymers of P[(HEMA-TMS)-co-PEOMA] with different graft densities were 
synthesized by ATRP using a ‘grafting through’ procedure. Simultaneous 
copolymerization of PEOMA and HEMA-TMS, resulted in faster consumption of the 
PEO macromonomer leading to a copolymer with a slight tendency to form a 
gradient composition along the copolymer backbone. These graft copolymer 
precursors were transformed to P(BPEM-co-PEOMA), macroinitiators, and then 
used for the ‘grafting from’ polymerization of n BA. Heterografted brush copolymers 
P(BPEM-co-PEOMA)-graft-PnBA with PEO and PnBA side chains were prepared. 
Analysis of the structure and properties of a typical system shows that the specific 
macromolecular architecture consisting of a random distribution of chemically 
different bunches along the backbone can lead to amorphous, homogeneous bulk 
materials behaving like typical glassforming systems even when one component has 




3.  EXPERIMENTAL WORK 
3.1 Materials 
Styrene (St, 99%, Merck) and methyl methacrylate (MMA, 99%, Aldrich) were 
passed through basic alumina column to remove inhibitor and then distilled over 
CaH2 in vacuum before use. 4-Chloromethylstyrene (CMS; ca. 60/40 
meta/paraisomer mixture; 97%; Aldrich) was distilled under reduced pressure. 
N,N,N’,N’’,N’’-Pentamethyldiethylenetriamine  (PMDETA, Aldrich) was distilled 
over NaOH before use. Poly(ethylene glycol monomethyl ether) (Me-PEG) (Mn =  
550, Acros) was dried over anhydrous toluene by azeotropic distillation. N,N’-
Dicyclohexylcarbodiimide (DCC, 99%, Aldrich), 4-dimethylaminopyridine (DMAP, 
99%, Acros), CuBr (99.9%, Aldrich), and CuCl (99.9%, Aldrich) were used as 
received. Dichloromethane  was used after distillation over P2O5. Tetrahydrofuran 
(THF, 99.8%, J.T. Baker) was dried and distilled over benzophenone-Na. Other 
solvents were purified by conventional procedures. All other reagents were 
purchased from Aldrich and used as received. 
3.2 Instrumentation  
1H (250 MHz) spectra were recorded on a Bruker NMR AC 250 Spectrometer in 
CDCl3. Gel permeation chromatography (GPC) measurements were obtained from 
an Agilent instrument (Model 1100) consisting of a pump, refractive index, and UV 
detectors, and four Waters Styragel columns (HR 5E, HR 4E, HR 3, and HR 2). THF 
was used as eluent at a flow rate of 0.3 mL/min at 30 oC and toluene was an internal 
standard. Data analyses were performed with PL Caliber Software. The molecular 
weight of the polymers was calculated on the basis of linear polystyrene standards 
(Polymer Laboratories), whereas linear PMMA standards (Polymer Laboratories) 
were only used for the molecular weight determination of PMMA homopolymer. All 
conversions were determined gravimetrically. 
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3.3 Synthesis of Initiator (3) 
3.3.1 Synthesis of 4,10-dioxatricyclo [5.2.1.0 2,6] dec-8-ene-3,5-dione (1) 
Maleic anhydride (30.0 g, 306 mmol) was suspended in 150 mL of toluene and the 
mixture warmed to 80 °C. Furan (33.4 mL, 459 mmol) was added via syringe and the 
turbid solution stirred for 6 h. The mixture was then cooled to ambient temperature 
and the stirring stopped. After 1 h, the resulting white crystals were collected by 
filtration and washed with 2 x 30 mL of petroleum ether. Obtained was 44.4 g (267 
mmol, 87% yield) of (1) as small white needless. 1H NMR (CDCl3, δ) 3.17 (s, 2H, 
CH), 5.45 (t, 2H, CHO), 6.57 (t, 2H, CHvinyl) [86]. 
3.3.2 Synthesis of 4-(2-hydroxyethyl)-10-oxa-4-azatricyclo [5.2.1.0 2,6] dec-8-ene-
3,5- dione (2) 
The anhydride (1) (10.00 g, 60.0 mmol) was suspended in MeOH (150 mL) and the 
mixture cooled to 0 °C. A solution of ethanolamine (3.6 mL, 60.0 mmol) in 30 mL of 
MeOH was added dropwise (10 min), and the resulting solution was stirred for 5 min 
at 0 °C, then 30 min at ambient temperature, and finally refluxed for 6 h. After 
cooling the mixture to ambient temperature, the solvent was removed under reduced 
pressure, and the white residue was dissolved in 150 mL of CH2Cl2 and washed with 
3 x 100 mL of water. The organic layer was dried over MgSO4 and filtered. Removal 
of the solvent under reduced pressure furnished an off-white residue that was 
purified by flash chromatography to give (2) (4,9 g, 25.00 mmol, 40% yield) as a 
white solid. 1H NMR (CDCl3, δ) 1.90 (bs, 1H, OH), 2.90 (s, 2H, CH), 3.69-3.72 (m, 
2H, NCH2), 3.76-3.78 (m, 2H, OCH2), 5.28 (t, 2H, CH), 6.52 (t, 2H, CHvinyl) [86].  
3.3.3 Synthesis of 2-bromo-2-methyl propionic acid 2-(3,5-Dioxo-10-oxa-4 
azatricyclo [5.2.1.0 2,6] dec-8-en-4-yl) ethyl ester (3) 
A solution of the alcohol (2) (2.00 g, 9.549 mmol) and Et3N (1.441 mL, 10.539 
mmol) in 100 mL of THF (the solution remained slightly turbid) was cooled to 0 °C, 
and a solution of 2-bromo isobutyryl bromide (1.262 mL, 10.00 mmol) in 25 mL of 
THF was added dropwise (30 min). The white suspension was stirred for 3 h at 0 °C 
and subsequently at ambient temperature overnight. The ammonium salt was filtered 
off and the solvent removed under reduced pressure to give a pale-yellow residue 
that was purified by flash chromatography. Obtained was 1.86 g (55 % yield) of (3) 
 31
as a white solid. 1H NMR (CDCl3, δ) 1.86 (s, 6H, CH3), 2.84 (s, 2H, CH), 3.78 (t, 
2H, NCH2), 4.30 (t, 2H, OCH2), 5.23 (t, 2H, CHO), 6.49 (t, 2H, CHvinyl) [86]. 
3.4 Synthesis of Furan Protected Maleimide End-Functionalized PMMA 
(PMMA-MI) (4) 
PMMA-MI (4) was prepared by ATRP of MMA. In a 25 mL of Schlenk tube, MMA 
(5.00 mL, 46.7 mmol), PMDETA (0.196 mL, 0.940 mmol), CuCl (0.093 g, 0.94 
mmol), toluene (5 mL), and (3) (0.336 g, 0.940 mmol) were added, and the reaction 
mixture was degassed by three freeze– pump–thaw (FPT) cycles, and left in argon. 
The tube was then placed in a thermostated oil bath at 40 oC for 4 h. The 
polymerization mixture was diluted with THF, passed through a basic alumina 
column to remove the catalyst, and precipitated in hexane. The polymer was dried for 
24 h in a vacuum oven at 25 oC. ([M]0/[I]0 = 50, [I]0:[CuCl]0:[PMDETA]0=1:1:1, 
MMA/toluene = 1/1 (v/v), conversion = 34 %,  Mn,theo = 2050, Mn,NMR = 3100, Mn,GPC 
= 3350, Mw/Mn = 1.22, relative to PMMA standards). 1H -NMR (CDCl3, δ) 6.5 (s, 
2H, vinyl protons), 5.3 (s, 2H, CHCH=CHCH, bridge-head protons), 4.1 (m, 2H, 
NCH2CH2OC=O), 4.0–3.2 (m, OCH3 of PMMA and NCH2CH2OC=O), 2.9 (s, 2H, 
CH2NC=OCH-CH, bridge protons), 2.5–0.5 (m, CH2 and CH3 protons of PMMA). 
3.5 Synthesis of Alkyne End-Functionalized PEG (PEG-Alkyne) (5) 
Me-PEG (Mn = 550) (3.0 g, 5.4 mmol) was dissolved in 25 mL of CH2Cl2. 4-
pentynoic acid (0.8 g, 8.2 mmol) and DMAP (0.67 g, 5.4 mmol) were added to the 
reaction mixture, successively. After stirring 5 minutes at room temperature, a 
solution of DCC (1.69 g, 8.18 mmol) in 15 mL of CH2Cl2 was added to the reaction 
mixture and stirred overnight at room temperature. After filtration off the salt, the 
solution was concentrated and viscous brown product was purified by column 
chromatography over silica gel eluting with CH2Cl2/ethyl acetate mixture (1:10) and 
then with CH2Cl2/ MeOH (10:1) to give PEG-alkyne (5) as a viscous yellow liquid 
(Yield: 3 g, 87 %). Mn,theo = 630; Mn,NMR = 685; Mn,GPC = 550; Mw/Mn =1.11, relative 
to PS standards). 1H NMR (CDCl3, δ) 4.23 (t, 2H, PEG-OCH2CH2OC=O), 3.9-3.50 
(m, 6H, -OCH2CH2- of PEG, PEG-OCH2CH2OC=O), 3.34 (s, 3H, CH3-O-PEG). 
2.58-2.48 (m, 4H, CH≡CCH2CH2C=O), 1.96 (t, 1H, CH≡CCH2CH2C=O). 
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3.6 Synthesis of Copolymers of St and 4-Chloromethylstyrene, P(S-co-CMS) (6) 
3.6.1 Synthesis of P(S32-co-CMS7) (6a) 
P(S32-co-CMS7) (6a) was prepared via NMP of  styrene and 4-chloromethylstyrene at 
125 oC. In a 25 mL of Schlenk tube, St (3.19 mL, 27.846 mmol), CMS (0.692 mL, 
4.914 mmol), TEMPO (0.1003 g, 0.642 mmol) and AIBN (0.0527 g, 0.321 mmol) 
were added, the reaction mixture was degassed by three freeze–pump–thaw (FPT) 
cycles. The tube was then placed in a thermostated oil bath at 125 oC for 17 h. The 
polymerization mixture was precipitated in methanol and dried for 24 h in a vacuum 
oven at 25 oC. (Yield: 1.3 g). (Mn,GPC = 4350; Mw/Mn =1.14, relative to PS). 1H NMR 
(CDCl3, δ) 6.5-7.5 (ArH of PS), 4.5 (Ph-CH2Cl), 0.6-2.2 (aliphatic protons). 
3.6.2 Synthesis of P(S24-co-CMS12.4) (6b) 
P(S24-co-CMS12.4) (6b) was prepared via NMP of  styrene and 4-chloromethylstyrene 
at 125 oC. In a 25 mL of Schlenk tube, St (2.627 mL, 22.93 mmol), CMS (1.385 mL, 
9.828 mmol), TEMPO (0.1003 g, 0.642 mmol) and AIBN (0.0527 g, 0.321 mmol) 
were added, the reaction mixture was degassed by three freeze– pump–thaw (FPT) 
cycles. The tube was then placed in a thermostated oil bath at 125 oC for 11.5 h. The 
polymerization mixture was precipitated in methanol and dried for 24 h in a vacuum 
oven at 25 oC. (Yield: 1.2 g). (Mn,GPC = 4400; Mw/Mn =1.17,  relative to PS). 1H NMR 
(CDCl3, δ) 6.5-7.5 (ArH of PS), 4.5 (Ph-CH2Cl), 0.6-2.2 (aliphatic protons). 
3.7 Synthesis of P(S-CMS-Anth) With Anthyrl Pendant Groups (7) 
3.7.1 Synthesis of P(S32-CMS4.2-Anth2.8) (7a) 
Sodium hydride (60 wt % dispersion in mineral oil) (0.125 g, 3.13 mmol, 20 equiv.) 
was added to a solution of 9-anthracene methanol (0.097 g, 0.47 mmol, 3 equiv.) in 
dry 20 mL of THF and the reaction mixture was stirred at room temperature under 
nitrogen for 30 min. A solution of random copolymer P(S32-co-CMS7) (6a) with 18 
mol % CMS (Mn,GPC = 4350; Mw/Mn =1.14, relative to PS)   (0.680 g, 0.156 mmol, 1 
equiv.) in dry THF was then added to the mixture. The solution was refluxed for 12 h 
in the dark, cooled to room temperature, evaporated to half of its volume and then 
precipitated into methanol. The light yellow product P(S32-CMS4.2-Anth2.8) (7a) with 
anthryl pendant groups was dried for 24 h in a vacuum oven at 30 oC. (Mn,GPC = 
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4900; Mw/Mn =1.23, relative to PS standards). 1H NMR (CDCl3, δ) 8.5-7.4 (ArH of 
anthracene), 6.5-7.4 (ArH of PS), 5.4 (CH2- anthracene), 4.6 (Ph-CH2O), 4.5 (Ph-
CH2Cl), 0.6-2.2 (aliphatic protons). 
3.7.2 Synthesis of P(S24-CMS7.7-Anth4.7) (7b) 
Sodium hydride (60 wt % dispersion in mineral oil) (0.081 g, 2.045 mmol, 20 equiv.) 
was added to a solution of 9-anthracene methanol (0.106 g, 0.510 mmol, 5 equiv.) in 
dry 20 mL of THF. The reaction mixture was stirred at room temperature under 
nitrogen for 30 min. A solution of random copolymer P(S24-co-CMS12.4) (6b) with 34 
mol % CMS (Mn,GPC = 4400; Mw/Mn =1.17) (0.45 g, 0.102 mmol, 1 equiv.) in dry 
THF was then added to this mixture, and the reaction mixture was refluxed for 12 h 
in the dark. It was then cooled to room temperature, evaporated to half of its volume 
and then precipitated in methanol. The light yellow product, P(S24-CMS7.7-Anth4.7) 
(7b) with anthryl pendant groups was dried for 24 h in a vacuum oven at 30 oC 
(Mn,GPC = 5100; Mw/Mn =1.25). 1H NMR (CDCl3, δ) 8.5-7.4 (ArH of anthracene), 
6.5-7.4 (ArH of PS), 5.4 (CH2- anthracene), 4.6 (Ph-CH2O), 4.5 (Ph-CH2Cl), 0.6-2.2 
(aliphatic protons). 
3.8 Synthesis of PS With Anthracene and Azide Pendant Groups, P(S-Anth-
Azide) (8) 
3.8.1 Synthesis of P(S32-Anth2.8-Azide4.2) (8a) 
Previously obtained P(S32-CMS4.2-Anth2.8) (7a) (0.45 g, 0.092 mmol) was dissolved 
in DMF (10 mL) and NaN3 (0.18 g, 2.75 mmol) was added to the reaction mixture. 
After stirring at room temperature overnight, the product was recovered by 
precipitation into excess amount of methanol. The polymer was dissolved in THF 
and precipitated again into methanol. The light yellow product, P(S32-Anth2.8-
Azide4.2) (8a) having both anthryl and azide pendant groups was dried for 24 h in a 
vacuum oven at 30 oC (Mn,GPC = 5150, Mw/Mn =1.22, relative to PS standards). 1H 
NMR (CDCl3, δ) 8.5-7.4 (ArH of anthracene), 6.5-7.4 (ArH of PS), 5.4 (CH2-




3.8.2 Synthesis of P(S24-Anth4.7-Azide7.7) (8b) 
Previously obtained P(S24-CMS7.7-Anth4.7) (7b) with anthryl pendant groups (0.47 g, 
0.092 mmol) was dissolved in DMF (20 mL) and NaN3 (0.18 g, 2.75 mmol) was 
added. After stirring at room temperature for overnight the product was recovered by 
precipitation into excess amount of methanol. The polymer then dissolved in THF 
and precipitated again into methanol.  The light yellow product, P(S24-Anth4.7-
Azide7.7) (8b) with anthryl and azide pendants was dried for 24 h in a vacuum oven 
at 30 oC (Mn,GPC = 5200; Mw/Mn =1.23). 1H NMR (CDCl3, δ) 8.5-7.4 (ArH of 
anthracene), 6.5-7.4 (ArH of PS), 5.4 (CH2-anthracene), 4.6 (Ph-CH2O), 4.2-3.9 (Ph-
CH2N3), 0.6-2.2 (aliphatic protons). 
3.9 One-Pot Synthesis of PS-g-(PMMA-PEG) Heterograft Copolymers (9) 
3.9.1 One-pot synthesis of PS-g-(PMMA-PEG) (9a) heterograft copolymer from 
P(S32-Anth2.8-Azide4.2) (8a) 
PMMA-MI (4) (0.30 g, 0.097 mmol), PEG-alkyne (5) (0.1 g, 0.146 mmol) and P(S32-
Anth2.8-Azide4.2) (8a) containing anthryl and azide pendant groups (0.15 g, 0.029 
mmol) were dissolved in nitrogen-purged DMF (5 mL) in a Schlenk tube. CuBr 
(0.021 g, 0.146 mmol), PMDETA (0.03 mL, 0.146 mmol) and a catalytic amount of 
butylated hydroxyl toluene (BHT) as a radical inhibitor were added to the reaction 
mixture. The solution was degassed by three freeze-pump-thaw (FPT) cycles and left 
in argon and stirred at 120 oC for 36 h in the dark.  Polymer solution was passed 
through alumina column to remove copper salt and precipitated in methanol, 
repeatedly two times. Finally the polymer was dried in a vacuum oven at 25 oC 
(Yield = 0.32 g). (Mn,NMR = 16000; Mn,GPC = 13450; Mw/Mn =1.17, relative to PS 
standards).  1H NMR (CDCl3, δ) 7.65 (C=CH of triazole) 6.3-7.5 (ArH of PS), 5.2-
4.9 (cycloadduct-CH2OC=O and Ph-CH2-triazole), 4.7 (CH, bridge-head proton), 4.2 
(C=OOCH2CH2O, end group of PEG), 3.9 (C=OOCH2CH2N), 3.7-3.6 (OCH2CH2O, 
repeating unit of PEG), 3.6-3.5 (OCH3 of PMMA), 3.4 (OCH3 end group of PEG), 
3.3 (CH-CH, bridge protons of cycloadduct and CH2-N), 2.6 (triazole-CH2CH2C=O), 
2.2-0.6 (aliphatic protons). 
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3.9.2 One-pot synthesis of PS-g-(PMMA-PEG) (9b) heterograft copolymer from 
P(S24-Anth4.7-Azide7.7) (8b)   
PMMA-MI (4) (0.500 g, 0.161 mmol), PEG-alkyne (5) (0.182 g, 0.266 mmol) and 
P(S24-Anth4.7-Azide7.7) (8b) containing anthryl and azide pendant groups (0.15 g, 
0.029 mmol) were dissolved in nitrogen-purged DMF (5 mL) in a Schlenk tube. 
CuBr (0.038 g, 0.266 mmol), PMDETA (0.055 mL, 0.266 mmol) and a catalytic 
amount of BHT as a radical inhibitor were added to the solution. The reaction 
mixture was degassed by three FPT cycles and left in argon and stirred at 120 oC for 
36 h in the dark.  Polymer solution was passed through alumina column to remove 
copper salt, precipitated into methanol, repeatedly two times. Finally the polymer 
dried in vacuum oven at 25 oC (Yield = 0.46 g). (Mn,NMR = 23000; Mn,GPC = 16150; 
Mw/Mn =1.15, relative to PS standards). 1H NMR (CDCl3, δ) 7.65 (C=CH of triazole) 
6.3-7.5 (ArH of PS), 5.2-4.9 (cycloadduct-CH2OC=O and Ph-CH2-triazole), 4.7 (CH, 
bridge-head proton), 4.2 (C=OOCH2CH2O, end group of PEG), 3.9 
(C=OOCH2CH2N), 3.7-3.6 (OCH2CH2O, repeating unit of PEG), 3.6-3.5 (OCH3 of 
PMMA), 3.4 (OCH3 end group of PEG), 3.3 (CH-CH, bridge protons of cycloadduct 

















4.  RESULTS and DISCUSSION 
4.1 Synthesis of Initiator (3) 
First of all, maleic anhydride and furan were reacted in toluene at reflux temperature 
for 6 h to give 4,10-Dioxatricyclo[5.2.1.0 2,6]dec-8-ene-3,5-dione (1). The anhydride 




The reaction of anhydride (1) was then carried out to give the 4-(2-Hydroxyethyl)-
10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (2). In this reaction, the 
anhydride (1) was suspended in MeOH and a solution of ethanolamin in MeOH was 
added at 0 °C, then the mixture refluxed for 6h. After that MeOH was evaporated and 
the remaining viscous compound was extracted with CH2Cl2  and water. The water 
phases again extracted with CH2Cl2 and combined organic phases were evaporated 
off to give compound (2) was obtained as a white solid.  
 
(4.2) 
Subsequent this reaction, compound (2) and Et3N was mixed in THF. Additionally, a 
solution of 2-bromo isobutyryl bromide was added in THF at 0 °C. After this 
process, the reaction was carried out at ambient temperature overnight. Finally, 2-
bromo-2-methyl propionic acid 2-(3,5-Dioxo-10-oxa-4 azatricyclo[5.2.1.0 2,6] dec-8-
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en-4-yl) ethyl ester (3) was obtained as a white solid. 1H NMR spectrum of the 






Figure 4.1 : 1H NMR spectrum of the initiator (3) in CDCl3. 
4.2 Synthesis of Furan Protected Maleimide End-Functionalized PMMA 
(PMMA-MI) (4) 
PMMA-MI (4) to be employed as one of the graft chains is prepared via ATRP of 
MMA using PMDETA/CuCl with initiator (3) at 40 oC for 4 h. Furthermore, the 
polymerization solution is in situ reacted with Bu3SnH to convert chloride end group 
into hydrogen. The NMR number-average molecular weight (Mn,NMR = 3100) was 
calculated from a ratio of the integrated values of OCH3 of PMMA and N-CH2 (δ 3.8 
-3.4)  to that of a signal at 6.5 ppm assignable to  vinylic two protons, while being 
included the molecular weight of initiator (357). The number-average molecular 
weight obtained by GPC (Mn,GPC = 3350) is an excellent agreement with Mn,NMR, thus 
indicating that the quantitative maleimide end-group functionalization of the PMMA 
was successful. The theoretical MW of PMMA-MI was calculated to have 2050 by 
using the following equation: Mn,theo = [M]0/[I]0 x % conversion x  MW of monomer 
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+ MW of 3. Moreover, Mw/Mn = 1.22 calculated from GPC displays narrow 
molecular weight distribution. 1H NMR spectrum of the PMMA-MI, can be 






Figure 4.2 : 1H NMR spectrum of the PMMA-MI (4) in CDCl3. 
4.3 Synthesis of Alkyne End-Functionalized PEG (PEG-Alkyne) (5) 
Alkyne end-functionalized PEG (PEG-alkyne) (5) as the second graft chain was 
achieved via an esterification reaction of Me-PEG (550) containing monohydroxyl 
end group with 4-pentynoic acid  at room temperature. 1H NMR revealed the 
structure of PEG-alkyne displaying characteristic peaks such as a triplet (CH≡C-) at 
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1.9 ppm and a multiplet (CH≡CCH2CH2C=O) at 2.5 ppm.  Mn,NMR was calculated to 
be 685 by comparing of the integrals of PEG (repeating unit and -OCH3 end group of 
PEG) at 3.9-3.3 and  -C≡CH at 1.96 ppm.  Mn,NMR  was almost consistent with the 
theoretical molecular weight Mn,theo = 630. The 1H NMR spectrum of the PEG-






Figure 4.3 : 1H NMR spectrum of the PEG-alkyne (5) in CDCl3. 
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4.4 Synthesis of Copolymers of St and 4-Chloromethylstyrene, P(S-co-CMS) (6) 
St and CMS were polymerized via NMP in the presence of TEMPO and AIBN at 
125 oC in order to give P(S-co-CMS) (6) random copolymers using two different mol 








DPn of St and CMS in these copolymers (18 and 34 mol % CMS) was calculated to 
have 32 and 7 (entry 1 in Table 4.1) and  24 and 12.4, respectively (entry 4 in Table 
4.1).  
Table 4.1 : Molecular weights and functionalities of the backbone polymers. 
Functionalityb 
(mol %) 





CMS Anthryl Azide 
 
1 P(S32-co-CMS7)  
(6a) 
85/15 4370 1.14 18 - - 
2 P(S32-CMS4.2-Anth2.8) 
(7a)  
- 4900 1.23 10.8 7.2 - 
3 P(S32-Anth2.8-Azide4.2) 
(8a)  
- 5150 1.22 - 7.2 10.8 
4 P(S24-co-CMS12.4) 
(6b) 
70/30 4400 1.17 34 - - 
5 P(S24-CMS7.7-Anth4.7) 
(7b)  
- 5100 1.25 21 13 - 
6 P(S24-Anth4.7-Azide7.7)  
(8b) 
- 5200 1.23 - 13 21 
 
a
 Determined by GPC relative to linear PS standards. 
 b Determined by 1H NMR. 
1H NMR calculation from integrals of aromatic protons (δ 6.5-7.5) and CH2Cl (δ 4.5) 
displayed 18 and 34 mol % of CMS, respectively that the incorporations of CMS into 
the copolymer agree well with the feed ratios. Again, exploiting the Mn,GPC values of 
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P(S32-co-CMS7) (6a) and P(S24-co-CMS12.4) (6b) copolymers was calculated to have 
4350 and 4400, respectively. Moreover, P(S32-co-CMS7) (6a)  and P(S24-co-CMS12.4) 
(6b) copolymers have Mw/Mn = 1.14 and 1.17 displays narrow molecular weight 
distribution, respectively. 
1H NMR spectrum of the  these copolymers are shown in Figure 4.4 and Figure 4.5, 
respectively. 
 
Figure 4.4 : 1H NMR spectrum of the P(S32-co-CMS7) (6a) in CDCl3. 
 
Figure 4.5 : 1H NMR spectrum of the P(S24-co-CMS12.4) (6b) in CDCl3. 
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4.5 Synthesis of P(S-CMS-Anth) (7) With Anthracene Pendant Groups  
Next, thus obtained two copolymers were reacted with 9-anthracene methanol in the 
presence of NaH at reflux temperature of THF for 12 h, affording PS with anthracene 








The structure was identified via 1H NMR displaying aromatic and OCH2 protons of 
anthracene at 8.5-7.4 and 5.4 ppm, respectively, along with those corresponding to St 
and CMS units. Anthryl functionality incorporated into PS backbone as pendant 
group was calculated by comparison between the integrals of anthryl-CH2O (δ 5.4) 
and Ph-CH2O and CH2Cl (δ 4.6 and δ 4.5) signals. Mn,GPC values of P(S32-CMS4.2-
Anth2.8) (7a) and P(S24-CMS7.7-Anth4.7) (7b) copolymers was calculated to have 4900 
and 5100, respectively. Moreover, P(S32-CMS4.2-Anth2.8) (7a)  and P(S24-CMS7.7-
Anth4.7) (7b) copolymers have Mw/Mn = 1.23 and 1.25 displays narrow molecular 
weight distribution, respectively. For the copolymer P(S32-CMS4.2-Anth2.8) (7a) 
derived from P(S32-co-CMS7) (6a), anthracene moiety was calculated to have 7.2 mol 
%, taking the initial DPn of St and CMS of 32 and 7, respectively (entry 2 in Table 
4.1). Similar calculation for the copolymer, P(S24-CMS7.7-Anth4.7) (7b) derived from 
P(S24-co-CMS12.4) (6b) revealed 13 mol %  of anthracene moiety in the copolymer, 
presuming that the initial DPn of St and CMS were 24 and 12.4, respectively (entry 5 
in Table 4.1). 1H NMR spectrum of two P(S-CMS-Anth) (7) copolymers derived 
from P(S-co-CMS) (6) are shown in Figure 4.6 and Figure 4.7, respectively.  
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Figure 4.6 :  1H NMR spectrum of the P(S32-CMS4.2-Anth2.8) (7a) in CDCl3. 
 
Figure 4.7 :  1H NMR spectrum of the P(S24-CMS7.7-Anth4.7) (7b) in CDCl3. 
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4.6 Synthesis of PS With Anthracene and Azide Pendant Groups, P(S-Anth-
Azide) (8) 
These two copolymers with anthryl pendant groups were then subjected to a reaction 
of NaN3 in DMF overnight at room temperature, affording the corresponding 

















1H NMR spectra of the P(S32-Anth2.8-Azide4.2) (8a) and P(S24-Anth4.7-Azide7.7) (8b) 
copolymers are shown in Figure 4.8 and Figure 4.9, respectively. 
 
Figure 4.8 : 1H NMR spectrum of the P(S32-Anth2.8-Azide4.2) (8a) in CDCl3. 
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Figure 4.9 : 1H NMR spectrum of the P(S24-Anth4.7-Azide7.7) (8b)  in CDCl3. 
1H NMR spectrum of the obtained copolymers showed a complete disappearance of 
CH2Cl at 4.5 and an appearance of new signal related to CH2N3 at 4.2-3.9 ppm 
together with the characteristic signals of anthracene. A complete disappearance of 
CH2Cl signal proved the quantitative azide functionalization of the remaining CMS 
units in the copolymer (entries 3 and 6 in Table 4.1). Mn,GPC values of P(S32-Anth2.8-
Azide4.2) (8a) and P(S24-Anth4.7-Azide7.7) (8b) copolymers calculated to have 5150 
and 5200, respectively. Moreover, P(S32-Anth2.8-Azide4.2) (8a) and P(S24-Anth4.7-
Azide7.7) (8b) copolymers have Mw/Mn = 1.22 and 1.23 displays narrow molecular 
weight distribution, respectively. Mn,GPC values were determined by relative to linear 
PS standarts. 
4.7 One-Pot Synthesis of PS-g-(PMMA-PEG) Heterograft Copolymers Using 
Double Click Reactions (9) 
Previously obtained P(S-Anth-Azide) (8) copolymers and PMMA-MI (4) and PEG-
alkyne (5) as grafts were reacted in one-pot technique via double click reactions in 
the presence of CuBr/PMDETA in DMF at 120 oC for 36 h and PS-g-(PMMA-PEG) 





















BHT was added to the reaction mixture to avoid the radical process. 1H NMR 
spectrum of the both heterograft copolymers displayed characteristic signals of 
PMMA and PEG together with those of PS, thus proving successful double click 
reactions. 1H NMR spectrum of the both PS-g-(PMMA-PEG) (9) heterograft 
copolymers clearly displayed successful double-click reactions in which anthracene 
signals (δ 8.5–7.5) disappeared and new signals for the corresponding anthracene-
maleimide cycloadduct appeared (δ 4.7 and δ 3.2 for a bridgehead proton and bridge 
protons, respectively). Moreover, the characteristic peaks of triazole ring at 7.65 and 
5.15 ppm for C=CH of triazole and Ph-CH2-triazole, respectively, were detected by 
1H NMR. 1H NMR spectrum of the both PS-g-(PMMA-PEG) (9) heterograft 
copolymers obtained from P(S32-Anth2.8-Azide4.2) (8a) and P(S24-Anth4.7-Azide7.7)  
(8b) in CDCl3 are presented, respectively, (Figure 4.10 and Figure 4.11). 
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Figure 4.10 : 1H NMR spectrum of PS-g-(PMMA-PEG) (9a) in CDCl3. 
 
Figure 4.11 : 1H NMR spectrum of PS-g-(PMMA-PEG) (9b) in CDCl3. 
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Overall click reaction efficiency (CReff) (grafting efficiency) for the both heterograft 
copolymers was calculated by a following formula: 
CReff  =  Ialiphatic X (5 X NSt + 12 X Nanth + 4 X Nazide) / Iaromatic  X [(3 X 
DPn,MMA X Nanth) + (4 X DPn,PEG X Nazide)]                        
(4.10) 
where Ialiphatic and Iaromatic are integrated values of the sum of OCH3 and OCH2CH2 
protons of PMMA and PEG and  the aromatic protons including phenyl and anthryl 
hydrogens, respectively and NSt, Nanth and Nazide  are number of St, anthracene and 
azide groups in the backbone polymer, respectively.  CReff was found to be around 94 
and 90 % for P(S32-Anth2.8-Azide4.2) (8a) and P(S24-Anth4.7-Azide7.7) (8b), 
respectively, thus displaying the high efficiency. The efficiencies seem to be higher 
when compared to the recent reports [32,33]; however total anthryl and azide mol % 
in the backbone polymer were adjusted to have maximum 34 in order to prevent 
steric hindrance in the grafting reaction. The Mn,NMR values for the both graft 
copolymers as given Table 4.2 were calculated to be 16000 and  23000, respectively 
using a following formula:  
Mn,NMR = Mn,GPC,P(S-Anth-Azide) + (NAnth X Mn,NMR,PMMA  +  Nazide X Mn,NMR, PEG) X CReff (4.11) 
Table 4.2 : Characteristic molecular weight data of grafts and graft copolymers. 
a
 Obtained from P(S32-Anth2.8-Azide4.2) (8a) (entry 3 in Table 4.1). 
b
 Obtained from P(S24-Anth4.7-Azide7.7) (8b)  (entry 6 in Table 4.1). 
c
 Determined by GPC relative to linear PS standards. 
d Determined by 1H NMR using a formula: Mn,NMR = Mn,GPC,P(S-Anth-Azide) + (NAnth X 
Mn,NMR,PMMA  + Nazide X Mn,NMR, PEG) X CReff 
GPC traces of PS-g-(PMMA-PEG) (9) heterograft copolymers showed monomodal 





PMMA-MI (4) 3350 1.22 3100 
PEG-alkyne (5) 550 1.11 685 
PS-g-(PMMA-PEG)a 
(9a) 
13450 1.17 16000 
PS-g-(PMMA-PEG)b 
(9b) 
16150 1.15 23000 
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PS backbone and furthermore PMMA and PEG grafts. The molecular weight ranges 
of the grafts were intentionally chosen so as to dissolve in precipitation solvent 
MeOH. Therefore, it should be noticed that final traces clearly displayed the 
successful grafting of  PMMA and PEG chains to the PS backbone (Figure 4.12 and 
Figure 4.13). 
 
Figure 4.12 :  Evolution of GPC traces of PEG-alkyne (5), PMMA-MI (4) and 
P(S32-co-CMS7) (6a) precursors and target PS-g-(PMMA-PEG) (9a) 
heterograft copolymer. 
 
Figure 4.13 : Evolution of GPC traces of PEG-alkyne (5), PMMA-MI (4) and P(S24-
co-CMS12.4) (6b)  precursors and target PS-g-(PMMA-PEG) (9b) 
heterograft copolymer. 
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Heterograft copolymers were obtained with Mn of 13,450 and 16,150 and low 
polydispersity indices of 1.17 and 1.15, respectively, relative to linear PS standards. 
As expected to see that Mn,NMR values of heterograft copolymers are higher than 
Mn,GPC because of different hydrodynamic volume of heterograft copolymers when 

























































5.  CONCLUSION 
As a conclusion, we here described the first time use of double click reactions (Cu 
catalyzed Huisgen and Diels-Alder reactions) for the preparation of well-defined 
heterograft copolymers in one-pot technique. PMMA-MI was prepared by ATRP of 
MMA using 2-bromo-2-methyl propionic acid 2-(3,5-Dioxo-10-oxa-4 
azatricyclo[5.2.1.02,6] dec-8-en-4-yl) ethyl ester (3), initiator. Alkyne end-
functionalized PEG (PEG-alkyne) as the second graft chain was achieved via an 
esterification reaction of Me-PEG (550) containing monohydroxyl end group with 4-
pentynoic acid  at room temperature. Synthetic strategy of this work was outlined. 
Firstly, we prepared random copolymers of styrene (St) and p-chloromethylstyrene 
(CMS) (which is a functionalizable monomer) via nitroxide mediated radical 
polymerization (NMP). Then we attached of anthracene functionality to the 
preformed copolymer by the o-etherification procedure and consequently conversion 
of -CH2Cl into azide functionality was achieved by using NaN3 (sodium azide). 
Finally, by using double click reactions in one-pot technique, maleimide end-
functionalized poly(methyl methacrylate) (PMMA-MI) via atom transfer radical 
polymerization (ATRP) of MMA and alkyne end-functionalized   poly(ethylene 
glycol) (PEG-alkyne) were introduced into copolymers bearing pendant anthryl and 
azide moieties.  
Mn,GPC values of heterograft copolymers were obtained with Mn of 13450 and 16150, 
respectively, and low polydispersity indices of 1.17 and 1.15, respectively, relative to 
PS standards. High click reaction efficiency of 94 and 90 % for both hetero graft 
copolymers was obtained from 1H NMR measurement. Thus, it was proved that 
double click reactions using one-pot technique were versatile and simple strategy for 
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